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Abstract: The analysis of clutter in A-scans produced by energy randomly scattered in some specific
geological structures, provides information about changes in the shallow sedimentary geology.
The A-scans are composed by the coherent energy received from reflections on electromagnetic
discontinuities and the incoherent waves from the scattering in small heterogeneities. The reflected
waves are attenuated as consequence of absorption, geometrical spreading and losses due to
reflections and scattering. Therefore, the amplitude of those waves diminishes and at certain two-way
travel times becomes on the same magnitude as the background noise in the radargram, mainly
produced by the scattering. The amplitude of the mean background noise is higher when the
dispersion of the energy increases. Then, the mean amplitude measured in a properly selected time
window is a measurement of the amount of the scattered energy and, therefore, a measurement of the
increase of scatterers in the ground. This paper presents a simple processing that allows determining
the Mean Amplitude of Incoherent Energy (MAEI) for each A-scan, which is represented in front of
the position of the trace. This procedure is tested in a field study, in a city built on a sedimentary
basin. The basin is crossed by a large number of hidden subterranean streams and paleochannels.
The sedimentary structures due to alluvial deposits produce an amount of the random backscattering
of the energy that is measured in a time window. The results are compared along the entire radar
line, allowing the location of streams and paleochannels. Numerical models were also used in
order to compare the synthetic traces with the field radargrams and to test the proposed processing
methodology. The results underscore the amount of the MAEI over the streams and also the existence
of a surrounding zone where the amplitude is increasing from the average value to the maximum
obtained over the structure. Simulations show that this zone does not correspond to any particular
geological change but is consequence of the path of the antenna that receives the scattered energy
before arriving to the alluvial deposits.
Keywords: GPR; clutter; backscattering; scattering modelling
1. Introduction
Ground Penetrating Radar (GPR) has been successfully applied to many different problems in
shallow geological surveys as a complement to provide answers or help in resolutions. The theoretical
principles and applications of the technique can be found in the literature (see, for example, [1–3]).
Usual applications in shallow geology are defining geological structures in the first meters
(e.g., [4–6]), mapping groundwater (e.g., [7,8]), detecting cavities (e.g., [9,10]) and defining shallow
fractures (e.g., [11,12]). Data acquisition is mainly done with a common fixed offset mode and
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processing is focused on improving the signal to noise ratio and building 2D and 3D images of the
subsurface features.
The main goal of those applications is the detection of reflective targets (normally consisting on
cavities, fractures and changes in the ground geology). However, in many cases, the anomalies are not
clear enough in the radargrams due to the high noise level caused by the dispersion of the energy and
the scattering on the surface of the targets (e.g., [13–15]), leading to misinterpretations. The main efforts
are focused on improving the signal to noise ratio to obtain high quality radar images (e.g., [16–18]).
In quaternary deposits or in alluvial soils there are two possible causes of those unclear records.
One cause of blurred A-scans is related to the small difference in the electromagnetic parameters
of the targets and the surrounding medium that may lead to inconclusive and uncertain B-scans.
In these cases, the amplitude of the anomalies is small, becoming very difficult of even impossible
to distinguish between the signals and the background noise. The second cause is associated to
irregular materials. Heterogeneities as granular cluster of material with variable size and shape,
or small irregularities on the contact between two media, scatterers the energy, blurring the radar
images. This effect introduces undesired clutter in the images superimposed to the anomalies. For that
reason, the resultant images are noisy and may lead to misinterpretation. This clutter is commonly
observed in the analysis of shallow quaternary geology [19], in the assessment of civil structures where
pathologies disintegrate specific zones of the media [20] and in fragmented rocks [21]. Therefore,
this clutter might be related to physical characteristics of the media, such as size grain distribution,
fissures, small voids and other heterogeneities. The objective of this paper is to present and apply a
methodology to extract information from that clutter and to map zones based on changes in random
backscattering amplitude. Consequently, the backscattering phenomenon detected in the study of the
shallow geology in Barcelona is studied and simulated. Previous laboratory and field tests have been
done to validate the use of changes in clutter to detect changes in the ground ([19,22,23]), allowing
mapping areas with clusters and scatterers. This phenomenon was also applied by other authors to
evaluate ballast contamination [20], differentiating the zones depending on the amplitude of the clutter
caused by backscattering.
2. Backscattering of GPR Waves
Scattering of electromagnetic waves can be elastic or non-elastic. In the first case, the frequency of
the scattered waves is the same than the frequency of the incident energy while in the second case part
of the energy is absorbed producing ionized radiation. The scattering in GPR surveys is always elastic
since there is no change in energy and wavelength. Depending on the size of particles and roughness of
the targets’ surface, the scattering can be anisotropic (Mie scattering) or isotropic (Rayleigh scattering).
The presence of small targets in the medium produces scattering on the radar signal. Dispersion is
caused by random reflections of a part of the incident energy on each one of the small targets and on
heterogeneities embedded in the medium. Each one of the heterogeneities becomes a transmitter of
part of the incident energy. Part of the scattered energy travels back in the direction of the transmitted
energy. Backscattering is the diffuse reflection of the waves due to scattering, arriving to the surface of
the medium.
As the transmitted energy decreases as a consequence of scattering, this phenomenon is usually
considered one of the causes for the loss of transmitted energy ([14,24]). The amplitude of an
electromagnetic wave that propagates through a homogeneous medium attenuates because of the
geometrical spreading and the absorption and scattering of the energy (e.g., [25]) being the total
attenuation of GPR signals caused by intrinsic attenuation and scattering attenuations [26].
The amplitude of the wave, A(r) at a certain distance r from the source, could be expressed as a
function of the wave amplitude at the source and the losses as consequence of those attenuating effects:
A(r) = AO
1
r
e−(α+µ)r (1)
Remote Sens. 2018, 10, 88 3 of 16
Being AO the amplitude of reference at the source, r the distance, α the coefficient of attenuation
due to the absorption and µ the coefficient of scattering.
The coefficient of scattering depends on the number of scatterers per unit of volume, n and on the
cross section of the scatterers, CS.
µ =
n CS
2
(2)
Moreover, the effect of scattering is frequency dependent, because the cross section depends on
the frequency of the incident field.
In general, the effect of the scatterers is small but increasing the amount of the small targets also
increases the dispersed energy. Scattering produces two effects on the signal: the amplitude of the
wave decreases because of the dispersed energy and the clutter recorded as background noise in the
A-scans augments.
When the incident wave is perpendicular to a flat surface, the reflected wave returns with the
same angle of incidence, being described the trajectory by the Law of Snell. However, in the case of a
medium with a large number of scatterers which size is smaller than the wavelength, the scattering is
described as the reflection of the wave in deviated trajectories in a random and not expected direction
(Figure 1). This effect is similar in the case of incident waves on large rough surfaces.
Backscattering is defined as the amount of energy that is scattered back to the source and
can be recorded by an antenna placed at the surface of the medium. The backscattered energy
strongly depends on the size and the shape of the targets and big size targets can be considered as
planar reflectors.
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Figure 1. The clutter caused by small and irregular targets embedded in the medium increases the
background noise in the A-scans. (a) Reflection in a flat target inside the medium; (b) Diffuse reflection
is small scatterers embedded in the medium; (c) GPR A-scan obtained in homogeneous media; (d) GPR
A-scan from a heterogeneous medium.
3. Heterogeneous Media and Targets with Rough Surfaces
The scattered energy depends on the heterogeneity of the medium or on the roughness of the
targets or reflectors embedded in the medium. The Rayleigh criterion allows distinguishing between
rough and smooth targets. In the case of a planar wave incident on an irregular and rough target
with an angle α, the difference of phase, ∆φ, between two rays scattered from different points of the
surface is:
∆φ = 2h
2pi
λ
cos β (3)
Being h the difference of height between the two points of the rough surface of the target embedded
in the medium where the scattering is produced, β the incidence angle and λ the wavelength of the
electromagnetic wave.
Remote Sens. 2018, 10, 88 4 of 16
The Rayleigh criterion considers a non-smooth target surface when the phase difference is:
∆φ ≥ pi
2
(4)
In that case, the parameter h could be defined depending mainly on the frequency or wavelength
of the incident wave:
h =
λ
8 cos β
(5)
The approach of nearly vertical incident waves allows to approximate the heterogeneity size h as:
h =
λ
8
(6)
The phenomenon of dispersion and scattering in rough target surfaces has been analysed by
several authors ([27–29]). The most usual approaches are the Kirchoff Approximation and the Small
Perturbation Model (SPM). The Kirchoff approximation assume that the roughness dimensions of the
target surface are large compared to the incident wavelength (Bragg scattering region), while the SPM
model undertakes that the roughness is small compared to the wavelength. Therefore, the SPM model
is more appropriate for long wavelengths as in the present GPR study, where the radiation is mainly in
the I-band (IEEE bands), being the frequency lower than 200 MHz (which represent wavelengths up
to 1.5 m). The approach assumes that the parameter h is small compared to the wavelength. In this
case, the variation on the height of the targets’ surface is small compared to the wavelength and
depending on the incident angle, the SPM decomposes the backscattered waves into their Fourier
spectrum components.
4. Mean Amplitude of Incoherent Energy
Experimental GPR measurements in areas where high scattering was expected showed an
important increase of the clutter in all A-scans [15]. Therefore, in order to relate the clutter with
the heterogeneities of the medium, a procedure was developed to enhance the clutter associated to
backscattered energy in dispersive targets, applied to the field surveys. The diffuse reflection in these
heterogeneities increases the background noise (clutter) in GPR A-scans (see Figure 1). The analysis of
the amplitude of this background energy could provide alternative information about changes in the
ground, related to the homogeneity of the materials.
In the case of scattering in small particles or in rough surface, it is possible to assume that, for a
specific time t, the total electromagnetic field arriving to the receiver can be expressed as the sum of
the reflected (Er) and the scattered (Es) fields:
ET(t) = Er(t) + Es(t) (7)
The wave front reflected on high-contrast permittivity surfaces, as well as multiple reflections
returns to the receiver as coherent energy. This energy is predominant at short times of the radargram
time window due to its great amplitude. At higher times, the amplitude of coherent reflections
diminishes due to losses as consequence of previous reflections, geometrical spreading and absorption.
Therefore, at a certain time, those amplitudes present similar magnitude than the amplitude of
incoherent energy recorded as background noise in the A-scan, as consequence of clutter produced
by random backscattering. In addition, that incoherent energy is most likely close to the diffuse
regime because the energy arrives from all heterogeneities after being scattered a random number
of times following unsystematic paths. This energy becomes predominant in the radar record when
the amplitude of the coherent energy decreases in the case of high depth reflectors. A threshold time
tS —in which the predominant field role exchanges—is defined comparing incoherent and coherent
energies. This threshold time depends on each particular case studied and must be experimentally
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determined by comparing amplitudes. Using this parameter, the energy in the B-scans can be split in
two zones:
ET(t) ≈
{
Er(t) i f t < tS
Es(t) + Er(t) i f t > tS
(8)
The changes on the random backscattering must be examined for times t > tS, since analysing
data in a properly selected time window (usually [tS, 2tS]) prevents the consideration of important
reflections in targets. Notwithstanding, coherent energy is yet present but can be diminished by
applying a subtract average, that reduce it in front of the incoherent energy. The quantitative analysis
of the relative density of heterogeneities that perturbs the trace could be a methodology to define
different zones in the ground.
The analysis of the B-scans region for times higher than ts is based on the definition of a single
amplitude value that corresponds to the average of the energy recorded in the region. This value was
corrected with gain to diminish the effects of geometrical spreading and absorption.
The Mean Amplitude of Incoherent Energy (MAIE) is defined for trace i as:
=
Ai =
∑2tsj=ts Abs
(
E˜s
(
tj
))
∆t = ts
(9)
where E˜s
(
tj
)
is the amplitude of the incoherent energy in the selected time window after corrections
and filters.
5. Field Data Processing
The processing is divided in three main parts: pre-processing, trace processing and final
representation of MAEI versus position (Figure 2). Firstly, the wave velocity in the medium is
determined to estimate the dielectric permittivity and consequently, to define the absorption losses.
Two methodologies are applied in this part: comparing the GPR images to boreholes and analysing
the hyperbolas along each B-scan. In this second case, it is possible to obtain the field of velocities,
selecting an average value.
Remote Sens. 2018, 10, 88  5 of 16 
 
The changes on the random backscattering must be examined for times t > tS, since analysing data 
in a properly sel cted time window (usually [tS, 2tS]) prev nts the consideration of important 
reflections in targets. Notwit stan ing, cohere t energy is yet pr sent but can be diminished by 
applying a subtract average, that reduc  it in front of the incoher nt energy. The quantitative analysis 
of the relative density of heterogeneities that perturbs the trace could be a methodology to define 
different zones in the ground. 
The an lysis of the B-sca s region for tim s higher than ts is based on the definition of a single 
amplitu e value that corresponds to the average of the energy recorde  in the region. This value was 
corrected with gain to diminish the effects of eometrical spreading and absorption. 
The Mean Amplitude of Incoherent Energy (MAIE) is defined for trace i as:  
̿ܣ௜ =
∑ ܣܾݏ ቀܧ෨௦൫ݐ௝൯ቁଶ௧ೞ௝ୀ௧ೞ
∆ݐ = ݐ௦  
(9) 
ere 	ܧ෨௦൫ݐ௝൯ is the amplitude of the incoherent energy in the selected ti e i  after c rrecti s 
and filters. 
5. Field Data Processing 
The processing is divided in three main parts: pre-processing, trace processing and final 
representation of MAEI versus position (Figure 2). Firstly, the wave velocity in the medium is determined 
to estimate the dielectric permittivity and consequently, to define the absorption losses. Two 
methodologies are applied in this part: comparing the GPR images to boreholes and analysing the 
hyperbolas along each B-scan. In this second case, it is possible to obtain the field of velocities, selecting 
an average value. 
 
Figure 2. Processing flow diagram. 
Secondly, the radargram is pre-processed. This pre-processing consists of a gain correction, a band 
pass filter with cut-off frequencies 10 MHz and 55 MHz. Data are also processed with demean and 
detrend before applying a subtract average. 
Thirdly, this processing is focused to determine an average value of the amplitude within a 300 ns 
and 600 ns time window. 
Figure 2. Processing flow diagram.
Remote Sens. 2018, 10, 88 6 of 16
Secondly, the radargram is pre-processed. This pre-processing consists of a gain correction, a
band pass filter with cut-off frequencies 10 MHz and 55 MHz. Data are also processed with demean
and detrend before applying a subtract average.
Thirdly, this processing is focused to determine an average value of the amplitude within a 300 ns
and 600 ns time window.
The last step of the processing consists of the normalization of the amplitude depending on
the geological characteristics, being the normalization depending on a previous geological zonation.
Finally, all MAEI values are represented over the position of the traces.
6. Application to Heterogeneous Media
The proposed method was applied in the city of Barcelona (Spain) which is built on a quaternary
sedimentary basin. The objective was to determine changes in the ground, associated to variations in
the heterogeneity of the medium. The ground of the basin was crossed by many subterranean and
seasonal streams and paleochannels. These geological structures are composed by heterogeneous
clusters of alluvial sediments in the zones corresponding to the streambeds. As consequence of these
heterogeneities, it is expected an increase of the randomly backscattered energy, raising the amplitude
of the background noise in the A-scans. Radar data was acquired with a 25 MHz centre frequency
antenna. Therefore, the scattering was expected for clusters with sizes of 60 cm or less (Equation (6)).
The results obtained from the study of the clutter amplitude caused by backscattering were compared
to boreholes, to other geophysical measurements and also to cartographic information from ancient
and modern maps.
As mentioned above, the first step was determining an average wave velocity in the medium,
comparing the GPR results with known borehole data and with hyperbolas caused by shallow targets.
A velocity of about 12 cm/ns was obtained as a mean result along the radar lines [30].
The second step was the application of a gain correction for spherical losses, using the two-way
travel time and the velocities. An additional gain was also used to diminish the effects of the energy
loss caused by absorption. In this case, the attenuation coefficient was determined by using the
approximation of a dielectric and low-losses medium (σ ωε):
α ≈ 1
2
σ
√
µ
ε
(10)
where σ is the conductivity (an approximate value of 0.3 mS/m was used in the study), ω is the
angular frequency, ε is the dielectric permittivity (between 6 and 7) and µ is the magnetic permeability
(that was approximated to the unit).
The third step was the application of a band pass filter with cut-off frequencies 10 MHz and
55 MHz. After that processing, the subtracting average was applied to both radargrams (the processed
one with the band pass filter and the non-processed one). The results are shown in Figure 3.
The fourth step was selecting the most appropriate time window. Figure 4 shows one of the
radar images obtained in one radar line that crosses one of the seasonal subterranean streams of the
zone, compared with a map. This image shows that the maximum depth of the anomalies related to
anthropogenic constructions is less than 300 ns. This two-way travel time was used to determine the
upper limit for the time window, being the lower limit 600 ns. This second value was chosen in order
to avoid possible baseline deviations that could increase the level of the background noise amplitude.
The fifth step consists of calculating the absolute value of the amplitude (Figure 5).
The absolute amplitude was normalized based in the maximum amplitude value, comparing
all the radar profiles acquired at the same geological unit in the selected time-window. The relative
amplitude AR corresponding to any A-scan is normalized at each geological unit by rescaling the
average amplitude determined at the time-window of this A-scan, A. This averge amplitude is
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determined using the minimum and maximum amplitude values in the same time-window, comparing
all A-scans acquired on the same geological zone:
AR =
A− Amin
Amax − Amin (11)
In this case, the relative amplitude reaches a value 0 when the average amplitude of the time
window is equal to the minimum amplitude (assumed as the intrinsic material mean amplitude) and a
value 1 when it is equal to the maximum value observed for the clutter’ amplitude.
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The last step was determining the average normalized amplitude of the clutter in the time-window.
Finally, this amplitude was represented versus the distance along the radar lines acquired in the street
(Figure 6).
Remote Sens. 2018, 10, 88  8 of 16 
 
 
Figure 5. The first radargram presents A-scan and B-scan. The second radargram shows the absolute values 
of the A-scan and B-scan. 
The last step was determining the average normalized amplitude of the clutter in the time-window. 
Finally, this amplitude was represented versus the distance along the radar lines acquired in the street 
(Figure 6). 
 
Figure 6. Average relative amplitude in the time-window versus the distance along the radar line and 
location of the profile at the city map. 
The final result of the study includes the analysis of the average amplitudes obtained in all the 
B-scans that were acquired over the same geological unit. 
  
Figure 6. Average relative amplitude in the time-window versus the distance along the radar line and
location of the profile at the city map.
The final result of the study includes the analysis of the average amplitudes obtained in all the
B-scans that were acquired over the same geological unit.
6.1. Numerical Models
Numerical modelling is a proper method for evaluating the field results, comparing the real
images to the numerical ones. The objective of the numerical simulation is to recreate the results
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of the GPR survey, mainly the backscattering phenomenon under the emission of electromagnetic
waves (e.g., [29,31]). The effect takes place mainly under two different conditions: (1) when targets
embedded in homogeneous medium present rough surfaces, being the roughness smaller than the
wavelength; and (2) when the homogeneous medium is next to a more heterogeneous medium, being
the size of the heterogeneities smaller than the wavelength. The presence of scatterers embedded in
the homogeneous medium was modelled using the commercial software GPRSim©. This software
was developed by the Geophysical Archaeometry Laboratory (Woodland Hills, CA, USA) and it is
based on the ray tracing method. The basis and method is widely described in [32]. The software built
a synthetic B-scan based on the response of the antenna and the wave type. The modelled medium is
digitized into a grid of cells. Each cell contains the parameters defining the electromagnetic properties
and also the coefficients of a polynomial function that describes the structural interfaces through the
grid cell, allowing an infinite number of possible slope determinations. The synthetic radargram is
determined from the rays that are sent into the grid of cells with an initial direction and amplitude,
defined from the radiation pattern of the antenna.
Simulation was focused in the evaluation of the second condition, in order to recreate the real field
ground. In the GPR field study, the ground was characterized by abrupt changes in the size of particles
embedded in the medium as consequence of the existence of subterranean streams and paleochannels.
Two models were used in two different computer analyses. The first simulation (called S1) is based in
a well-defined band of scatterers and the second simulation (called S2) is based on scatterers in a band
embedded in a material with randomly distributed particles (see Figure 7).
The first simulation (S1) of this second condition was studied for three cases, depending on the
particles materials. The three cases are based on a simple flat layered structure [Air-Concrete-Clays
dry] and the scatterers are randomly distributed in clusters, reproducing the field study conditions in
Barcelona. The first stratum is a thin 0.15 cm air layer. The second stratum is a 1.5 m concrete layer
(assuming man-made structures), placed over a wider stratum simulating dry clay. Scatterers represent
small size targets (0.2 m, 0.4 m and 0.6 m radii) embedded in the third material. Three cases were
considered, changing the targets dielectric constants (5, 8 and 30). The values were selected according
to the expected values of most common geological materials in the zone. The geometrical distribution
of those particles, 10 m to 20 m length restricted bands, intend to replicate the targets (underground
seasonal streams and paleochannels) existing in the real medium. In the first case (Figures 7 and 8b),
the particles represent dry clay with a slight change in the dielectric permittivity between the matrix
and scatterers. In the second case (Figures 7 and 8c) the particles simulate dry sand and in the third
case (Figures 7 and 8d) the scatterers represent wet sand. Three different scatterers size are simulated
for the same dry sand material. The dielectric constant, electrical conductivity and scatterers radii for
the different materials considered in the models are shown in Table 1. Figure 7 presents the scheme of
the models for the different computer simulations.
Synthetic traces were obtained every 0.5 m for a set of 5 cases using the same geometrical model
in order to carry out a parametric study. In this model, spherical scatterers were randomly distributed
into a restricted zone (x = [20, 30] m; y = [10, 30] m). Their position remains fixed for all the cases,
which is shown in Figures 7 and 8.
Table 1. Characteristics of the scatterers in the five analysed cases.
Model Radius (m) εr S/m Simulated Material
S1_1 0.2 8 0.0003 Clays-Scatterer
S1_2 0.2 5 0.0001 Dry Sand
S1_3 0.2 30 0.001 Wet Sand
S1_4 0.4 5 0.0001 Dry Sand
S1_5 0.6 5 0.0001 Dry Sand
Remote Sens. 2018, 10, 88 10 of 16
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Figure 7. The two simulations (S1 and S2) based on different particles distribution. S1_1, S1_2, S1_3,
S1_4 and S1_5 represent the five sub-cases considered in the first simulation (S1).
The results of the first simulation show significant backscattering appearing as consequence of
scatterers, even in the case of small difference between the dielectric permittivity of the medium and
scatterers. In the case of a greater contrast in the dielectric permittivity (Figure 8d), the synthetic image
seems to be produced by a single and irregular target instead of a random distribution of small and
individual scatterers. In the case of a larger particle size with the same dielectric permittivity, a slight
increase of the backscattering amplitude is noticeable, depending on the radius (Figure 8c,e,f).
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Additionally, differences in the radii of the scatterers introduce slight changes on the dispersed
amplitudes. Notwithstanding, part of the energy observed in the model with the greater radius (S1_5)
Remote Sens. 2018, 10, 88 11 of 16
at higher times (≈300 ns) should be neglected in the backscattering analysis since it seems to be
coherent with boundary reflections.
Other aspect to be considered when comparing to the field B-scans is the width of the area
in the synthetic B-scans affected by the backscattering phenomenon. The antenna path produces
images in which the wide of the scatterers band does not correspond to the real particle distribution.
Shallower particles are detected before the antenna is placed over the band of scatterers.
The second simulation (S2) includes two kinds of scatterers. On one hand, 100 scatterers simulate
clay and 0.1 m radius are randomly distributed through the entire clay layer, being the difference in
dielectric permittivity very small between particles and matrix. These scatterers represent intrinsic
heterogeneities of the layer. On the other hand, for a restricted zone (x = [20, 30] m; y = [5, 25] m)
300 spherical sand scatterers were randomly spread, being their radii randomly selected between 0
and 0.3 m. In this case, the traces were acquired every 0.1 m.
Results (see Figure 9) show that the mean amplitude of the incoherent energy increases when
the antenna crosses the band of heterogeneities. In addition, synthetic images present a transition
zone of about 5 m at each side of that zone, showing anomalies with an amplitude of about 15% of the
maximum value. At higher times, the contribution of the early transmitted phases up to 3 collisions
(TRT, TRRT, TTRT, TRRRT, TTRTT...) is smaller compared to the multi-scattered energy.
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6.2. Comparison between GPR Survey and Passive Seismic
GPR was applied to locate those areas with high number of scatterers and field results were
compared to computational models. In addition, the survey was also compared to passive seismic
measurements and borehole data is specific zones of the profiles. Horizontal to Vertical Spectral Ratio
(HVSR) is a passive seismic methodology, applied in many cases to determine the thickness of ground
materials (e.g., [33,34]) and to map site effects (e.g., [23,35–37]). A wide description of the methodology
and the application can be found in [30,38]. In these maps, each zone is characterized by the mean
value of the predominant period. In the surveyed area, there are zones due to underground streams
and paleochannels that represent sudden lateral changes in the shallow geology. These geological
structures modify the predominant period. Figure 10 exhibits the location of the GPR survey line
in Mallorca Street, the passive seismic measurements and the location of three boreholes near the
surveyed zone. Boreholes show 15 m of Quaternary materials, approximately, being deeper the
anthropogenic fill near the underground stream.
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Figure 10. Location of the seasonal underground stream, the GPR line, the passive seismic
measurements and the boreholes.
Passive seismic results were tested in different zones previous the measurements in the area of
interest. HVSR results obtained near the subterranean streams present in the most cases a double peak
in the H/V spectra, increasing also the mean amplitude and the period ([39]). In the particular study of
Mallorca Street, a typical double peak denotes the presence of the geological structure associated to the
stream (Figure 11). The location of these changes corresponds to the zones of the high backscattering
amplitude in GPR B-scans being the results of the survey according to the GPR previous analysis and
to the wide anthropogenic fill.
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6.3. Discussion and Conclusions
This work described a processing technique based in enhancing the amplitudes associated to
random backscattering energy, avoiding the coherent reflections in targets. This method quantified
relatively this energy among the different traces, allowing defining zones where this phenomenon
is produced.
The application of the procedure to a real scenario shows the correlation between the increase of
the clutter in the A-scans at higher times and the existence of subterranean streams. This increase of
clutter is most likely consequence of the random scattering of the energy in clusters of small targets
corresponding to alluvial deposits.
The analysis of the wave velocity in the case study provides a value near 12 cm/ns.
The wavelength in the medium, based in this velocity is about 480 cm. Therefore, assuming the
conditions for scattering presented in the paper, the threshold size of the heterogeneities that cause
this effect is close 60 cm. Hence, most likely, changes in the clutter amplitude are not caused by
changes in the size of sedimentary particles but in the existence of clusters of granular materials,
characteristics of fluvial deposits. Most likely, the area historically affected by the subterranean stream
is composed by this kind of deposits of materials, being the main cause of the increase of clutter at
higher propagation times.
Two simulations have been done in order to compare and validate the results of this procedure
in the subsoil evaluations. First, the influence of the grain size and the composition of the scatterers
were analysed by means of a parametric study. Comparing the synthetic results obtained in the case
of different parameters (grain size and composition), it was observed that amplitudes are strongly
dependent on the contrast of impedance between scatterers and surrounding materials. Additionally,
the amplitude is higher as the radius of particles grows. However, more analysis could be needed in
order to obtain quantitative results.
In the second simulation, there was a higher synthetic trace density and the model included
two kinds of scatterers. One of them was distributed randomly in the ground layer, representing
the intrinsic layer heterogeneity. The other kind of scatterers represented the clusters, modelling
alluvial deposits. The results in this second simulation indicates that the clutter at higher times
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corresponding to random backscattering increased when the emission and reception of the energy was
over the cluster of particles. Moreover, the synthetic radar data showed a transition zone where the
backscattering amplitude is increasing from the average value obtained distant from the cluster to the
average amplitude obtained over the cluster. Those transition zones were also observed at the case
study. Therefore, that result could indicate that the experimental evaluations overestimate the real
flood plain that is interpreted in the radargrams as a more extended zone than the real anomalous
geological structure. Otherwise, the results of the simulation could indicate that the higher amplitudes
obtained through this processing are produced mainly as consequence of multi-scattering.
Concluding, the analysis of the amplitude of clutter caused by random scattering is revealed
as a useful tool to distinguish particular sedimentary structures that are not properly identified by
anomalies caused by coherent reflections of the energy. The evaluation of the amplitudes at a concrete
time window allows the detection of those particular changes in the subsoil.
The results of the proposed methodology indicate the potential of GPR to define sudden changes
in the shallow geology in a quick survey. Comparing GPR results to passive seismic measurements,
the zones defined by means of the GPR clutter could be most likely defined by the same seismic soil
response. Therefore, the GPR method can be applied as a previous evaluation, before the passive
seismic measurements. Those preliminary results could help in reducing the number of passive seismic
measurements, which are time consuming. In addition, the previous definition of possible zones will
increase the accuracy of the final results.
The analysis developed in the current work, could be further extended to other fields such as Civil
Engineering, to be used to detect granular accumulation particles in concrete, or non-homogeneous
mixture in highways pavements, with the final objective to map pathologies.
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